A new recycle-flow calorimeter is described with which the thermodynamic properties of fluids can be determined between pressures of 2 to 20 MPa and temperatures of 90 to 400 K. Precise control of both flowrate and pressure is provided by dual precision metering pumps. Details are presented on a new calorimeter which incorporates several innovations. Heat losses from this calorimeter are reduced by a novel shielding arrangement and were shown to be less than the experimental precision of i 0.1 per cent. The calorimeter can be operated in either the isobaric or the throttling mode. The results of experimental determinations around the critical point of ethane are described. Enthalpies of vaporization and heat capacities were obtained by operating in the isobaric mode. Determinations in the throttling mode yielded isothermal throttling coefficients and Joule-Thomson coefficients. Analysis of these results showed that the thermodynamic consistency of the enthalpies in the isobaric and isothermal mode is better than 0.1 per cent, and that of the derived values of properties is 0.4 per cent or better.
Introduction
Accurate values of the physical properties of fluids are essential for designing energyefficient process equipment, Of 'particular importance are the thermodynamic properties: enthalpy, heat capacity, and the throttling coefficients. In recognition of this need, extensive direct calorimetric determinations of the effect of pressure and temperature on the enthalpy of pure compounds and mixtures over a wide range of conditions have been carried out at the Thermal Properties of Fluids Laboratory, as reviewed in detail elsewhere.") These results were obtained on a recycle flow facility which had been developed over the past 20 years.
By building on this past experience"and incorporating new ideas, it was reasoned that an entirely new recycle-flow facility might be built which would not only yield results of improved accuracy but which would also prove to be considerably easier to control and operate. The purposes of this paper are to describe such a facility and to present calorimetric results obtained w&h ethane near its critical point.
Details of the bases of flow calorimetry and the interpretation of results obtained on such facilities havg been bresnted elsewhere. '2) In brief, fluid of constant composition x flows through a calorimeter under steady-state conditions. When the calorimeter is properly designed and operated, both kinetic and potential effects are negligible and the calorimeter is, to all intents and purposes, adiabatic. Measured quantities of electric power P may be transferred to the fluid in the calorimeter during the course of the experiment.
Under these constraints, the first law of thermodynamics reduces to h(T,, ~o)-h(lTi', Pi) = -P/F, where the subscripts o and i serve to identify the state (temperature and pressure) at the outlet and inlet of the flow calorimeter and F denotes the mass flow rate.
In isobaric determinations, p0 z pi, and electric power serves to increase the temperature-or to bring about a phase change. In the throttling mode, p0 << pi, in which case: P = 0 for Joule-Thomson experiments, or t, z ti for isothermal (Eucken) determinations.
Equipment
The new apparatus was designed to improve upon the performance of the old in key ways: by yielding results of higher precision, by easier operation and over a wider range of conditions, and by requiring less working fluid. These objectives were attained by complementary achievements in two principal areas : the development of a single calorimeter capable of accurate results in both the isobaric and throttling modes ; and the employment of superior methods for control and measurement of flow and of pressure of the working fluid. These two capabilities were integrated into a suitably designed well instrumented apparatus. A description of the most important features of all of these items follows, with details presented elsewhere.") CALORIMETER The key criteria selected in designing the new calorimeter were (a) to incorporate capability for isobaric and throttling determinations in a single calorimeter (both operation and instrumentation are simpler with one rather than two or more calorimeters); (b) to eliminate pressure seals at calorimeter operating temperatures, so that no pressure leaks will result from thermal expansion effects caused by varying calorimeter-bath temperatures ; (c) to reduce heat losses to negligible values even at low flow rates; (d) to reduce the time to reach steady-state by reducing the mass of the calorimeter ; (e) to achieve a basic design which will permit operation at pressures up to 100 MPa over a wide range of temperatures. The following description of the calorimeter illustrates briefly how each of these key criteria were satisfied. The technique used in incorporating both isobaric and throttling in a single calorimeter is illustrated schematically in figure 1. This is ach?eved using concentric tubes 1 and 2 in the heating section A, together with a small externally-activated selfsealing shut-off valve 5. The outer tube 1 is 4.75 mm o.d. The capillary inner tube 2 (0.07 cm id.) is wrapped with heating wire 3. When the valve 5 is open (as shown), fluid flows through both tubes 1 and 2 and the pressure drop is low (~0.0005 MPa) yielding effectively isobaric determinations. With the valve clused, the entire flow is forced through the capillary, resulting in a high pressure drop, thus yielding throttling (isothermal or isenthalpic) results. The valve is remotely activated by a valve handle assembly 11 through a piano wire 9.
After exiting from the heating section A the fluid is mixed in section B by flowing over twisted and stuffed heater lead wires 14 and then exits through tubing 15. The heater lead wires 16 are led out of a Conax gland 19 in gland assembly 18. The pressure at the calorimeter outlet is measured through tap 20.
As may be seen in figure 1 , there are only two high-pressure seals in this entire unit : one on the valve handle assembly 11 and the other in the Conax gland 19. Both of these are outside the calorimeter and are maintained at ambient conditions as desired.
The actual configuration of the arrangement (tilustrated schematically by figure 1) and its incorporation into the calorimeter itself is shown in figure 2 . The inlet fluid passes the inlet-pressure tap junction P and inlet-thermometer well Tl, before flushing the two concentric radiation shields Rl and R2. It then enters a T and valve 5 which directs the fluid through one or both of the concentric tubes in the heating section 6 as was illustrated in figure 1. After thorough mixing in the tubes downstream from the heating section, the fluid passes through a tube surrounding the outlet-thermometer well T2, and exits from' the calorimeter through a coiled tube which was designed to reduce cdnductive heat transfer with the bath. The lead wires from the heater in 6 are led out through the calorimeter outlet-pressure tap 4 to a Conax gland (19 in figure 1 ).
Heat losses are reduced in several ways. Shields Rl, R2, R3, and R4 reduce radiative heat transfer with the surroundings. The calorimeter assembly is insulated by a vacuum jacket 1. Finally, the lengths and diameters of all the tubing leading in and out of the calorimeter are designed to reduce conduction losses.
The calorimeter is constructed entirely from 3.18 mm and 4.76 mm tubing, which helps to satisfy the remaining criteria. Using welded tubing throughout rather than having high-pressure closure devices reduces the mass and hence improves the response time to changes in calorimeter conditions. A further advantage of small o.d. tubing is that the same basic design can be scaled up to high pressures by slight changes in wall thickness. Thus, though the present calorimeter is capable of operating only up to 20 MPa, the basic design can be used up to 100 MPa.
FL0 W METERING
The wide range of operation and the exceptionally precise results obtainable on the present dual-purpose calorimeter are due primarily to the special precision-machined piston pumps, designed by the late Walter Ruska of Rice University. These two 25 mm 0 FIGURE 2. Schematic diagram of the calorimeter assembly. 1, Vacuum jacket; 2, guarded radiation shield; 3, calorimeter inlet-pressure tap; 4, calorimeter outlet-pressure tap; 5, shut-off valve; 6, calorimeter section; 7, piano-wire lead tubing; P, inlet-pressure tap junction; RI, radiation shield; R2, radiation shield; R3, radiation shield; R4, radiation shield: Tl, inlet-thermometer well; T2, outlet-thermometer well ; X. thermal contact ; Y, thermal contact. metering pumps, illustrated schematically (P-1A and P-1B) in figure 3 , are driven through a gear assembly by a synchronous motor. They are designed to pump liquid at pressures up to 65 MPa at temperatures as low as 77 K. They deliver a volumetric flow constant to within 10p5. After gravimetric calibration, the accuracy of the flow rate from these pumps is estimated to be ) 0.05 per cent. The volumetric flow rate of fluid is normally about 0.23 cm3 s-l, but can be altered by changing the drive gears.
AUXILIARY FACILITIES
The auxiliary facilities combine the calorimeter and flow-metering pumps into a recycle-flow system in which fluid flow is maintained at a constant rate through the calorimeter at a fixed predetermined pressure.
The scheme for maintaining unidirectionally continuous flow through the calorimeter is illustrated in figure 3 . The pumps act in tandem, one receiving and the other discharging fluid. Four cryogenic solenoid-activated valves Vl to V4 and check valves operate in conjunction with the reversal motion of the pumps to provide unidirectional flow through the calorimeter.
Three sets of calibrated flexible-bellows pressure transducers F-l 1, F-12, and F-13 are important links for controlling and measuring the pressure. The pressure of the experimental fluid in this essentially constant-volume system is set approximately using bellows F-12 and handpump P-12. The desired pressure is set precisely in a thermostatted tank C-l of helium and is measured by a Ruska 2400HL Dead-Weight Gauge through bellows F-13. The pressure of fluid is maintained essentially constant via bellows F-l 1 by a large helium buffer : tank C-l. This is especially important for smoothing out the slight disturbance in pressure which occurs following reversal of motion of the pumps. The value of the pressure at the calorimeter inlet is determined from the pressure in the tank C-l, the measured pressure difference across F-l 1, and the pressure drop of the fluid between F-11 and the calorimeter as measured by a transducer (LDPT in figure 3 ).
The metering pumps along with two sets of bellows F-11 and F-12, and the four cryogenic valves Vl to V4, are located in the pump bath B-l. For all the measurements reported here the temperature of this bath was 255.37 K so that ethane was always a liquid within the operating range of pressures (3 to 13 MPa). This liquid ethane is pumped through conditioning coils in the pre-conditioning bath B-2 and in the calorimeter bath B-3, before entering the calorimeter. Both the pre-conditioning and the calorimeter baths are maintained at the desired temperature of the experimental determinations. The post-conditioning bath which is held at 255.37 K serves to recondition the fluid to the temperature of the pump bath.
The temperature of the calorimeter bath is controlled to +0.02 K using a Hallikainen Thermotrol Model 1053 temperature controller. The pump bath temperature is held to ) 0.05 K using a similar Thermotrol Model 1109 temperature controller. A Bayley Model 121 temperature controller is used on the conditioning baths B-2 and B-4. Liquid nitrogen is the coolant for all the baths. LG, level gage; P-12, P-13, oil pumps (manual); P-11, water circulation pump; P-31, vacuum pump; P-32, diffusion pump; P,, P,, Power is supplied to the calorimeter by a Kepco power supply and is measured using a standard resistor circuit which is described in detail elsewhere.'2$3' All measurements of d.c. potential are made with a Leeds and Northrup K-5 potentiometer and 9828 null detector.
The temperatures of the fluid at the calorimeter inlet and outlet are measured by inserting the two probes of a Hewlett-Packard Quartz Crystal Thermometer into thermometer wells Tl and T2 respectively (figure 2). A redundant measurement of the temperature difference is provided by a 6-junction thermopile. In this work the temperature of the inlet A uid was assumed to be that measured by the quartz probe at Tl. This temperature agreed with the bath temperature measured by the platinum resistance thermometer within the combined uncertainties (kO.02 K) of the two instruments. The calorimeter outlet temperature was calculated from the inlet temperature of the fluid and the temperature difference measured by the thermopile, which agreed (+ 0.02 K) with the temperature measured by the quartz probe at T2.
Initially, mass flowrates delivered by the pump were calculated from available volumetric data on ethane. (" However 3 gravimetric calibration of the pumps as a function of pressure showed our measured densities to be uniformly higher by 0.45 per cent than the reported values. The gravimetric calibrations were used to calculate all mass flowrates because they represent a primary calibration. The calorimetric results reported in the thesisf3' are based on the volumetric determinations and therefore deviate uniformly by about 0.45 per cent from those reported here.
PROCEDURES
All bath temperatures are fixed at the desired level. The calorimeter valve, 11 in figure 1, is set for either isobaric or throttling mode. The system pressure is set approximately using pump P-12 and bellows F-12, with valve V-5 closed (see figure 3 ). The pressure in the helium ballast tank C-l is adjusted to the desired level and valve V-5 is opened, allowing control of the system pressure via bellows F-l 1. Flow and power are established and the pressure readjusted precisely. This procedure is rapid, and the elapsed time from startup to recording the first point is 90 min or less.
In the isobaric mode the power supplied to the calorimeter is increased step-wise, and the corresponding step increases of temperature at the calorimeter outlet are noted after steady-state is attained. By reducing these results, the enthalpy difference across the calorimeter corresponding to each outlet temperature measurement is obtained, which may then be interpreted to yield the specific enthalpy of vaporization Ah, or isobaric specific heat capacity :(3)
In the throttling mode, if the fluid in the calorimeter cools on expansion, electric power is supplied to equalize the calorimeter inlet and outlet temperatures to within about 0.02 K. This type of measurement is repeated at several pressures. The effect of pressure on the isothermal throttling coefficient : 4 = @Wvh-~ (3) may be obtained from these results. (3) An isenthalpic determination can be made if no power is supplied to the calorimeter heater and the Joule-Thomson coefficient ,u,,. may be directly obtained : (3) PJT = 6ww,. (4) The time required to make any one of these determinations ranges from 15 to 30 min, depending on whether there is high-or low-density fluid in the calorimeter. This time is less than the 40 min between reversals of the pump at normal flow rates.
Experimental results and their interpretation
The objectives of the experiments were (a) to obtain better results to test the performance of the equipment, and (b) to better define the thermodynamic properties of ethane in the important critical region. Hence, isobaric and throttling 
MEASUREMENTS IN THE ISOBARIC MODE
Determinations were made which yielded enthalpies of vaporization in the two-phase region and heat capacities near the critical point. The experimental results for all isobaric determinations are listed in table 2. When operating in this mode there is a small operational pressure difference across the calorimeter (Ap in column 3). In order to obtain the true isobaric enthalpy difference Ah it is necessary to apply a small correction &Ah to the ratio of power to flow P/F. The determination of the enthalpy of vaporization at a temperature about 4 K below the critical temperature is illustrated in figure 5 . Ethane enters the calorimeter as a liquid, and the outlet temperature rises with increasing power input until two phases appear in the calorimeter. The outlet temperature remains relatively constant until all the liquid has vaporized and then rises again with increasing power input. The appearance and disappearance of two phases in the calorimeter is marked by breaks from which the enthalpy of vaporization may be determined.
There is an approximately 0.1 K rise in temperature across the two-phase region at a fixed pressure ( figure 5 ). This is probably due to the 0.3 moles per cent of C3H6. The measured enthalpy of vaporization and the temperature of liquid-vapor coexistence at 3.444 and 4.473 MPa are listed in table 3.
The results of this work are compared in figure 6 with enthalpies of vaporization reported by Furtado") and Douslin and Harrison. (6) There is good agreement between values shown in figure 6 The variation of heat capacity with temperature at several pressures is shown in figure 8 . At a pressure of 5.167 MPa, less than 0.3 MPa above the critical point, a sharp peak of magnitude 15 times "normal" values is encountered.
Our heat capacities are compared in figure 8 with values calculated by Goodwin, Roder, and Straty. ('r There is good agreement within their and our combined accuracies. For the present determinations, the pressure drop varied from about 0.07 MPa for measurements in the liquid phase to about 0.2 MPa in the low-density vapor. The enthalpies from these determinations are given in table 5. In the throttling mode, the calorimeter was operated at nearly isothermal conditions. The small operational temperature difference AT across the calorimeter and the required correction 6Ah for non-isothermal conditions are listed in table 5. This correction is applied to the ratio P/F to obtain the true isothermal enthalpy difference Ah. Adiabatic measurements of Joule-Thomson coefficients were made by omitting power to the calorimeter. Isothermal throttling coefficients were determined at several temperatures over a range of pressures as shown in figure 9. Since the measurements were made with a finite pressure drop across the calorimeter, it was necessary to interpret them to obtain values of 4. This is illustrated for the results at 313.16 K in figure 9 where mean 4 values obtained from the measured enthalpy differences and pressure drop are plotted as bars. Smoothed values of C$ were obtained by fitting an equal-area curve to the mean C$ values and are plotted as the solid line in figure 9 . At this temperature, the isothermal throttling coefficient goes through a maximum, attaining a peak value of -203 J gg' MPa-1 at 5.612 MPa. Smoothed values of 4 as a function of pressure at two other temperatures are also shown in figure 9 . Tabulated values obtained from these curves are given in table 6 .
Adiabatic Joule-Thomson measurements were made over a limited range of conditions. The objective of the experiments was to take sufficient points to obtain an A. V. HEJMADI, AND J. E. POWERS interpolated value of pLIT at 323.22 K and 4.473 MPa in order to perform the thermodynamic-consistency check described later in this paper. This check requires that the values of each of the three properties cp, c$, and pUIT, be obtained at the same conditions, 323.22 K and 4.473 MPa. The procedure for obtaining prr was more complex than that for c,, and 4, w,hich requires only interpretation of basic isobaric and isothermal results, as described earlier. It was necessary to make six isenthalpic determinations at pressures and temperatures about the desired conditions and the value of pJr was obtained by interpolation.
The experimental results are listed in table 7.
Analysis of experimental results
The experimental results obtained were analysed to check on the performance of the equipment. A test was performed to determine if the heat leak in the calorimeter was less than experimental precision. Also, the isobaric and isothermal results were checked for internal self-consistency using thermodynamics.
CHECK ON THE ASSUMPTION OF ADIABATICITY
This check is essential since the calorimeter is designed to operate adiabatically, and the interpretation of the results is based on this assumption. Based on a principle suggested by Montgomery and De Vries,@) mean values of heat capacity were measured at fixed inlet and outlet temperatures and pressures over a range of flow rates to determine if such values are independent of flow rate. Results of measurements at 6.537 MPa (Runs 57 to 60 in table 2) are plotted in figure 10 . The value of the measured mean heat capacity is independent of flow rate within the experimental precision of kO.1 per cent, justifying the assumption that the heat leaks from the calorimeter are negligible.
THERMODYNAMIC-CONSISTENCY CHECKS
The internal consistency of the results was tested in two ways: (a), by a loop check which sums isobaric and isothermal enthalpy differences around a closed loop in pressure and temperature ; and (b), by a check on the mutual consistency of the point values of C#J, cp, and /AJT at a fixed temperature and pressure. Loop check. This check is based on the point property behavior of enthalpy where for a closed pressure and temperature loop, the sum of the enthalpy differences for a series of step changes in conditions is equal to zero. In practice, the experimentally determined enthalpy differences for the isobaric and isothermal measurements are summed and the deviation 6 from zero is calculated:
where Ahi is the enthalpy change for the ith leg. This is illustrated in figure 11 for a loop abcdefa which surrounds the critical point and traverses the two phase-region in the leg fa. This loop consists of two isothermal and three isobaric legs shown as solid lines. The dotted lines represent small corrections needed to close the loop.
The two isothermal enthalpy differences (ab and cd) were obtained by integrating the appropriate equal-area curves of C# against p from figure 9. In contrast, emphasis was placed on the direct experimental measurement of enthalpy in establishing the 323 Results of two separate determinations (runs 15 and 20 of table 2) were used to obtain the enthalpy difference between points d and a. Four small corrections were needed to close the loop. TWO of them, Ahdi = 2.022 J g-' and Ah, = -0.248 J g-' were made using smoothed values of cp to obtain correspondence with the temperatures of the isothermal determinations. Two more corrections were needed to join e with f: (a), the enthalpy difference Ah,, = 7.602 J g-' between 302.510 K and 303.276 K was obtained by interpreting isobaric results from runs 13 through 15 ; (b), a value 4 = -75 J g-' MPa-' was estimated from isothermal determinations made at other temperatures and was used to calculate the enthalpy change from 4.4747 to 4.4733 MPa. The isothermal differences in enthalpy are Ah,, = -16.259 J g-' and Ah, = 87.123 J g-?
As indicated in figure 11 , when all individual enthalpy differences are added around the closed loop, the result is 0.489 J g-'. Expressed as a deviation, according to equation (5) , the indicated thermodynamic consistency of the results is 0.085 per cent.
Thermodynamic identity check. The internal consistency of the interpreted values of the derivative properties obtained from isobaric, isothermal, and isenthalpic determinations can be checked by the identity : PJT = -4l Cp (6) At 323.22 K and 4.473 MPa, interpretation of isobaric and isothermal results yielded c,, = 3.226 J g-l K-' and 4 = -34.04 J g-' MPa-'. The calculated value of /LJT obtained by substituting in equation (6) The accuracy of the results reported here is extremely difficult to estimate, especially in the regions close to the critical point where the thermodynamic properties change substantially with small variations in pressure and temperature. Comparisons with other independent experimental determinations would allow a good assessment of the accuracy. In the absence of such comparisons, it appears that the accuracy is about the same as the precision. 
